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Available online 8 December 2014AbstractThrough performing the tensile tests with different strain rates in 3.5 wt.% NaCl solution, the stress corrosion cracking (SCC) behavior and
the effect of strain rate on the SCC susceptibility of an extruded Mg-7%Gd-5%Y-1%Nd-0.5%Zr (EW75) alloy have been investigated. Results
demonstrate that the alloy is susceptible to SCC when the strain rate is lower than 5  106 s1. At the strain rate of 1  106 s1, the SCC
susceptibility index (ISCC) is 0.96 and the elongation-to-failure (εf) is only 0.11%. Fractography indicates that the brittle quasi-cleavage feature is
very obvious and become more pronounced with decreasing the strain rate. Further analysis confirms that the cracking mode is predominantly
transgranular, but the partial intergranular cracking at some localized area can also occur. Meanwhile, it seems that the crack propagation path is
unrelated to the existing phase particles.
Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Chongqing University. Production and hosting by
Elsevier B.V.
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Due to the low density and high specific strength, magne-
sium alloys become the potential structural materials for the
applications in the fields of the automotive, railway and
aerospace [1e4]. However, the low absolute strength and poor
corrosion resistance greatly limited their industrial applica-
tions [5]. Recently, researchers reported that the newly
developed Mg-Gd-Y-Nd-Zr alloys have the superior mechan-
ical property and could meet the mechanical requirements of
industrial components [6,7]. After thermal-mechanical* Corresponding author. Environmental Corrosion Center, Institute of Metal
Research, Chinese Academy of Sciences, 62 Wencui Road, Shenyang 110016,
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alloy could be further improved [8e10]. Zhang et al. re-
ported that the yield strength and ultimate strength (UTS) of
an extruded Mg-8Gd-4Y-Nd-Zr alloy could reach up to 357
and 423 MPa, respectively [11]. Although the strength of the
Mg-8Gd-4Y-Nd-Zr alloy can be comparable to that of some
industrially used Al alloys, their corrosion behavior especially
the stress corrosion cracking (SCC) resistance is still unknown
and so far few relevant literature papers can be referred.
Generally, the SCC is extremely dangerous and complicated in
the real industries, which can cause sudden fracture and then
lead to catastrophic accidents [12]. For Mg alloys, their SCC
susceptibility to the service environment is very strong and
mainly influenced by various factors such as alloying element,
microstructure, environment, mechanical processing and heat
treatment [12e16]. In Mg-Gd-Y-Nd-Zr alloys, the main
existing phases are Mg5Gd, Mg24Y5, Mg41Nd5 and the a-Mg
matrix [9,10,17,18]. Previous work demonstrated that phasengqing University. Production and hosting by Elsevier B.V.Open access under CC BY-NC-ND license.
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chanical properties and static corrosion performance of the
Mg-Gd-Y-Nd-Zr alloys [6,8e10]. Li et al. reported that the
dissolution of Mg5Gd phases and the refinement of grains can
be beneficial for the improvement of the strength and elon-
gation of an as-cast Mg-5Y-5Gd-xNd-0.5Zr alloy [8]. How-
ever, Zhang et al. reported that the smaller grain size and
inhomogeneous grain structure can deteriorate the corrosion
resistance of the as-extruded Mg-5Y-7Gd-1Nd-0.5Zr alloy
[6,7]. Meanwhile, the existing coarse second phase particles
acted as strong cathodes and further accelerated the corrosion
attack of the surrounding a-Mg matrix [6,7]. Following this, it
can be predicted that the phase composition and grain struc-
ture could affect the interaction between the mechanics and
chemistry especially the SCC.
In this work, through investigating the microstructure and
SCC susceptibility to the strain rate of an as-extruded Mg-7%
Gd-5%Y-1%Nd-0.5%Zr alloy, the underlying failure mecha-
nism of the SCC and their relationship with the existing phases
and grain structure will be deeply discussed.
2. Experimental procedures2.1. Material and microstructural analysisThe material used in the current investigation was an as-
extruded Mg-7%Gd-5%Y-1%Nd-0.5%Zr alloy (in wt.%)
with the thickness of 20 mm and deformation ratio of 20,
which was prepared in the Magnesium Alloy Research
Department of IMR, China. Samples cut from the extruded
plate were ground with SiC paper up to 2000 grit, finely
polished to a 1 mm finish with ethanol. Phase analysis was
determined with a D/Max 2400 X-ray diffractometer (XRD)
using monochromatic Cu Ka radiation (wavelength:
0.154056 nm), a step size of 0.02 and a scan rate for data
acquisition of 4/min. To reveal the start melting points
associated with the melting of the existing phases, differential
scanning calorimetry (DSC) with the temperature ranging
from 200 to 650 C was carried out using a Setaram system at
a heating rate of 10 C/min. The specimens for metallographic
examination were etched with 4 ml of nitric acid and 96 ml of
alcohol, and the average grain size was determined using the
mean linear intercept method. Microstructures were observed
by optical microscopy (OM) and scanning electron micro-
scopy (SEM; XL30-FEG-ESEM) in conjunction with energy
dispersive X-ray spectroscopy (EDS).2.2. Slow strain rate tensile (SSRT) testingFig. 1. Experimental system for SSRT test with circulated 3.5 wt.% NaCl
solution or air at various strain rates.The SCC behavior of the as-extruded Mg-7%Gd-5%Y-1%
Nd-0.5%Zr alloy was investigated using the slow strain rate
tensile (SSRT) method. Tensile samples with a gauge length of
25 mm, width of 3 mm and thickness of 3 mm were machined
from the extruded sheets. The axial direction of the tensile
specimens was parallel to the extrusion direction (ED) of the
plate. The surfaces of the gauge sections were polished to a
1 mm finish and cleaned up using ethanol immediately beforetesting. During the SCC tests, samples were stretched at a
range of strain rates (1  106 s1 to 5  105 s1) in
3.5 wt.% NaCl solution or air, as illustrated in Fig. 1. The
gauge section of the specimen were immersed in 3.5 wt.%
NaCl solution at room temperature in an environment cell,
while the solution was circulated at a speed of about 167 ml/
min using a circulating pump. Strain was recorded by an axial
extensometer attached to the specimen gauge length outside of
the environment cell (Fig. 1). To ensure the reliability of the
measured data, at least three repeated measurements were
carried out for each condition. After testing, the fracture sur-
faces were cleaned in a hot chromic acid bath consisting of
180 g/L CrO3 [19], washed in distilled water and rinsed with
acetone, and then observed using SEM with secondary elec-
tron imaging (SEI) mode.
3. Results3.1. Microstructural characterizationFig. 2 shows XRD pattern of the as-extruded Mg-7%Gd-
5%Y-1%Nd-0.5%Zr alloy, indicating that the main phases in
the alloy are Mg5Gd, Mg24Y5, Mg41Nd5, Zr and a-Mg. DSC
analysis demonstrates that two endothermic peaks occurred at
about 551 C and 631 C can be determined, as shown in
Fig. 3. It is well-known that the endothermic peaks occurred
during the heating process stand for the melting temperatures
associated with the existing phases [20]. In the previous work,
Zhang et al. reported that in an as-cast Mg-7.09%Gd-4.56%Y-
1.31%Nd-0.52%Zr alloy (in wt.%), the melting temperature of
the Mg5Gd is 549.4
C, whereas the melting temperature of a-
Mg matrix is 634.3 C [10]. Therefore, it can be determined
that the 551 C endothermic peak stands for the melting
temperature of Mg5Gd phase and the 631
C endothermic
peak is related to melting temperature of a-Mg matrix. No
endothermic peaks were found for Mg24Y5, Mg41Nd5 and Zr,
which may be attributed to the relatively lower content of
Mg24Y5 and Mg41Nd5 and the higher melting point of Zr.
Fig. 4 shows the backscattered electron image of the as-
extruded Mg-7%Gd-5%Y-1%Nd-0.5%Zr alloy and the
Fig. 2. XRD pattern of the as-extruded Mg-7%Gd-5%Y-1%Nd-0.5%Zr alloy.
Fig. 4. Backscattered electron image of the as-extruded Mg-7%Gd-5%Y-1%
Nd-0.5%Zr alloy.
Table 1
Chemical compositions of secondary phases labeled in Fig. 4 (wt. %).
Phase Mg Gd Y Nd
A 61.65 19.84 7.42 11.09
B 68.22 9.56 16.84 5.38
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reveals that the main particles dispersed in the alloy were Gd-
rich phases composed of Mg-Gd-Y-Nd (point A), the small
amount of cubic-shaped phases were identified as Y-rich
phases composed of Mg-Gd-Y-Nd (point B). The etched
microstructure of the alloy is shown in Fig. 5, which consists
of fine equiaxed grains with an average grain size of 14.5 mm.
However, the grain size was quite inhomogeneous. Moreover,
the broken phase particles were distributed parallel to the
extrusion direction.3.2. Mechanical evaluationFig. 5. The etched microstructure of the as-extruded Mg-7%Gd-5%Y-1%Nd-
0.5%Zr alloy.Fig. 6 shows the tensile curves of the alloy tested at various
strain rates in air and 3.5 wt.% NaCl solution. To compare the
mechanical properties of the alloy at various strain rates, the
0.2% proof yield stress (s0.2), ultimate tensile strength (UTS),
elongation-to-failure (εf) and time-to-failure (tf) are listed in
Table 2. It can be seen that the yield strength and UTS of the
alloy at the strain rate of 1  106 s1 in air are 305 and
432 MPa, respectively. At the same strain rate, the UTS is
decreased to 274 MPa when immersed in 3.5 wt.% NaCl so-
lution. However, the yield strength of the alloy can hardly be
determined because the εf measured was only 0.11% in
3.5 wt.% NaCl solution.Fig. 3. DSC curve of the as-extruded Mg-7%Gd-5%Y-1%Nd-0.5%Zr alloy.Additionally, the effect of strain rate on SCC susceptibility
was also analyzed. It can be seen that the strength and εf of the
alloy were improved, while the tf was decreased as the strain
rates increased in 3.5 wt.% NaCl solution, as shown in Table 2.Fig. 6. Stress-strain curves of the as-extruded Mg-7%Gd-5%Y-1%Nd-0.5%Zr
alloy at various strain rates in air and 3.5 wt.% NaCl solution.
Table 2
Mechanical properties of as-extruded Mg-7%Gd-5%Y-1%Nd-0.5%Zr alloy
tested at various strain rates in air and 3.5 wt.% NaCl solution.
Environment Strain rate (s1) s0.2 (MPa) UTS (MPa) εf (%) tf (h)
Air 1  106 305 432 3.08 17.52
3.5 wt% NaCl 1  106 / 274 0.11 8.55
3.5 wt% NaCl 5  106 320 413 1.92 2.94
3.5 wt% NaCl 5  105 322 436 2.97 0.35
Fig. 7. SEM observations to the fractographs of specimen failed at various strain r
specimen in air at strain rate of 1  106 s1; Images c), e) and g) are overall fra
5  106 s1 and 5  105 s1, respectively; Images b), d), f) and h) are high-magn
338 S.D. Wang et al. / Journal of Magnesium and Alloys 2 (2014) 335e341At the strain rate of 5  105 s1, the strength of the alloy was
even higher while the εf was increased about 18 times as high
as that measured at 1  106 s1, indicating that the alloy
shows remarkable susceptibility to SCC in 3.5 wt.% NaCl
solution.
The fracture surfaces of tensile specimens are shown in
Fig. 7. The fracture surface of the specimen failed in air at
the strain rate of 1  106 s1 exhibited brittle quasi-ates in air and 3.5 wt.% NaCl solution. Image a) is overall fracture surface of
cture surfaces of specimens in 3.5 wt.% NaCl at strain rates of 1  106 s1,
ification observation of the squared area in images a), c), e) and g), respectively.
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fracture surface of the specimen tested in 3.5 wt.% NaCl
solution at the same strain rate is almost completely
composed of brittle cleavage facets (Fig. 7(c) and (d)). From
the high-magnification observation to the fracture surface, it
can be seen that some cracks and local dissolution sites exist
on the fracture surface (Fig. 7(d)). Moreover, the cleavage
features become less obvious as the strain rate increased and
even transform into quasi-cleavage feature at the strain rate
of 5  105 s1 (Fig. 7(c)e(h)). In addition, the cracks and
local dissolution sites can hardly be observed in the high
strain rate cases in 3.5 wt.% NaCl solution (Fig. 7(f) and
(h)).
Fig. 8 shows the overall longitudinal surfaces of specimens
tested at various strain rates in 3.5 wt.% NaCl solution. It
reveals that for the specimen tested at the strain rate of
1  106 s1, the surface is severely corroded with a large
amount of localized pits and secondary cracks existing awayFig. 8. SEM observations to the corroded surfaces of tensile samples immersed in 3
rates of 1  106 s1, 5  106 s1 and 5  105 s1, respectively; Images b), d) an
e), respectively.from the actual fracture surface (Fig. 8(a) and (b)). As for the
specimen tested at the strain rate of 5  106 s1, the corro-
sion attack is relatively weak with shallow localized pits and
secondary cracks on the gauge surface (Fig. 8(c) and (d)).
When the strain rate is increased to 5  105 s1, the sec-
ondary cracks can hardly be observed and the localized pits
were only existing at some particular sites on the surface
(Fig. 8(e) and (f)).
In order to investigate the stress corrosion cracking mech-
anism, the fracture surface which is perpendicular to the lon-
gitudinal axial of the specimen at the strain rate of
1  106 s1 in 3.5 wt.% NaCl is etched for metallographic
observation, as shown in Fig. 9. It reveals that the cracks
mainly initiate from the localized pits on the surface of the
gauge section. Meanwhile, the crack propagation mode is
dominated by transgranular cracking and partial intergranular
cracking. Additionally, the crack propagation path is unrelated
to the existing second phase particles..5 wt.% NaCl. Images a), c) and e) are overall surfaces of specimens at strain
d f) are high-magnification observation of the squared area in images a), c) and
Fig. 9. The etched microstructure observation to the fracture surface of
specimen failed at the strain rate of 1  106 s1 in 3.5 wt.% NaCl.
340 S.D. Wang et al. / Journal of Magnesium and Alloys 2 (2014) 335e3414. Discussion4.1. SCC mechanism of the extruded EW75 alloyTo evaluate the SCC susceptibility of the alloy, the SCC
susceptibility index (ISCC) was calculated by the loss in
elongation [16]:
ISCC ¼ ð1Esolution=EairÞ  100% ð1Þ
where Esolution and Eair are εf in 3.5 wt.% NaCl solution and
air, respectively. When the value of ISCC approaches unity, it is
assumed that the alloy is highly susceptible to SCC. Based on
the equation (1), the calculated ISCC was 0.96 at the strain rate
of 1  106 s1, suggesting the investigated alloy was very
susceptible to SCC in 3.5 wt.% NaCl solution. The main
reason for its high SCC susceptibility will be discussed as
follows:
Generally, the existed second phases can cause great impact
on the SCC behaviour of magnesium alloy [21e23]. In the
investigated alloy, the main existing phases are Mg5Gd,
Mg24Y5, Mg41Nd5 and Zr. Among them, Zr usually reacts with
deleterious impurities (i.e. Fe and Ni) to form Zr-rich particles
and the Zr-rich particles can exhibit the most positive Volta
potential with respect to the matrix [24]. Thus, a strong micro-
galvanic corrosion can occur due to potential difference be-
tween the Zr-rich particles and the matrix. Apart from the Zr-
rich particles, other second phases such as Gd-rich and Y-rich
particles can also act as the galvanic cathode to accelerate
corrosion because they are much nobler than the Mg matrix
[6,7,24]. Therefore, localized pits could easily form during the
tensile test in 3.5 wt.% NaCl solution (Fig. 8(a) and (b)).
Kannan et al. reported that hydrogen could diffuse into the Mg
matrix through corrosion pits and then cause the hydrogen
embrittlement, which significantly decreased the mechanical
strength of Mg alloys [15]. In fact, the magnesium dissolution/
passivation is an anodic reaction and accompanies with a
hydrogen reduction reaction [15,25]. Thus, the hydrogen
embrittlement due to the hydrogen diffusion can easily occur
when Mg alloys are exposed to the aqueous corrosive envi-
ronment [15]. In this study, the micro crack initiation at the
pits (Fig. 9) further demonstrates that the occurrence of the
hydrogen embrittlement.Stampella et al. reported that grain size could influence the
cracking mode of the SCC [26]. For the fine-grained Mg alloys
(~30 mm), the SCC cracking mode is transgranular, whereas
the cracking mode is the mixed transgranular and intergranular
for the corase-grained Mg alloys (>60 mm) [23]. Moreover, it
was demonstrated that for Mg alloys, the propagation of
intergranular cracks could be accelerated by the electro-
chemical corrosion of the continuously distributed grain
boundary precipitates [23]. In this study, the grain size of the
alloy is just 14.5 mm and phase particles are scarcely distrib-
uted at grain boundaries (Fig. 5). Then, the cracking mode is
predominantly transgranular and the partial intergranular
cracking can only occur at some localized area (Fig. 9).
Additionally, the crack propagation route of the alloy seems
unrelated to the existing phase particles, which might be
ascribed to their homogenous distribution.4.2. Effect of strain rate on the SCC susceptibilityPrevious studies demonstrated that the influence of strain
rate on the SCC susceptibility of magnesium alloys can be
summarized as follows: 1) at a higher strain rate, the pro-
pensity for the inert fracture mechanism to overwhelm the
SCC fracture mechanism; 2) at a lower strain rate, the balance
between repassivation and mechanical film rupture at the crack
tip [22,27,28]. In the current investigation, the SCC suscepti-
bility increases with decreasing the strain rate and the high
SCC susceptibility is associated with hydrogen embrittlement.
Therefore, it should exist a close relationship between the
strain rate and hydrogen embrittlement susceptibility of the
alloy. It is well known that the SCC susceptibility is associated
with both corrosion and mechanical effect, which is prone to
be influenced by strain rates [22,23,29,30]. At low strain rates
(1  106 s1), the corrosion effect is predominant and the tf
value is 8.55 h. Then, the time is enough for the diffusion of
the generated hydrogen from reduction reaction into the ma-
trix through the localized pits, leading to the occurrence of the
hydrogen embrittlement fracture. On the contrary, the tf is only
0.35 h at a high strain rate (5  105 s1). Then, the time is
too short for hydrogen diffusion and thus the mechanical effect
was much greater than the corrosion effect, leading to a brittle
quasi-cleavage failure much resemble the fracture features that
tested in air (Fig. 7(b) and (h)). Based on the discussion above,
it can be concluded that the as-extruded Mg-7%Gd-5%Y-1%
Nd-0.5%Zr alloy is very susceptible to SCC in 3.5 wt.% NaCl
solution when the strain rate is below 1  106 s1.
5. Conclusions
(1) The as-extruded Mg-7%Gd-5%Y-1%Nd-0.5%Zr alloy is
very susceptible to SCC in 3.5 wt.% NaCl solution when
the strain rate is lower than 1  106 s1.
(2) The fractograph of the alloy exhibits brittle quasi-cleavage
feature, and the cleavage feature becomes more pro-
nounced as the strain rate decreasing.
(3) The crack propagation is dominated by transgranular
cracking and partial intergranular cracking, however, its
341S.D. Wang et al. / Journal of Magnesium and Alloys 2 (2014) 335e341propagating path is unrelated to the existing second
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